In this paper, the linear and second order optics corrections for the KEK Accelerator Test Facility (ATF2) final focus beam line are described. The beam optics of the ATF2 beam line is designed based on a local chromaticity correction scheme similar to the ILC final focus system. Beam measurements in 2012 revealed skew sextupole field errors that were much larger than expected from magnetic field measurements. The skew sextupole field error was a critical limitation of the beam size at the ATF2 virtual interaction point (IP). Therefore, four skew sextupole magnets were installed to correct the field error in August 2012. By using the four skew sextupole magnets, the predicted tolerances of the skew sextupole field errors of the ATF2 magnets were increased. Furthermore, analyzing field maps of the sextupole magnets identified the source of the skew sextupole field error. After the field error source was removed, the IP vertical beam size could more easily be focused to less than 65 nm.
I. INTRODUCTION
The KEK Accelerator Test Facility (KEK-ATF) [1, 2] has been built for accelerator research and development, especially for the International Linear Collider (ILC) [3] . Figure 1 shows a schematic view of the KEK-ATF accelerator complex. KEK-ATF consists of an injector linac, a damping ring, a beam extraction line, and ATF2 beam line. The purpose of the damping ring is to supply a low emittance beam to the extraction line and ATF2 beam line for accelerator research and development. The vertical beam emittance produced by the damping ring is less than 10 pm [4, 5] (smaller than the 12 pm ATF2 requirement). The corresponding 30 nm normalized emittance is comparable to the requirement of the ILC beam delivery system. The ATF2 beam line was constructed to study the ILC final focus system, utilizing the small emittance beam generated by the damping ring.
II. ATF2 BEAM LINE A. Beam optics of the ATF2 beam line
The ILC final focus system is designed based on the local chromaticity correction technique [6] . The main purpose of the ATF2 beam line is to demonstrate beam focusing with the local chromaticity correction method, and to establish a beam tuning method for linear collider final focus systems. Therefore, the ATF2 beam optics was designed based on the local chromaticity correction scheme of the ILC final focus system. The beam optics for the ILC and ATF2 beam lines are shown in Fig. 2 (the main parameters are listed in Table I ). The chromaticity of the ATF2 beam line is designed to be comparable to the ILC final focus system with a resulting design IP vertical beam size of 37 nm. The ATF2 beam line was operated with a 10 times larger horizontal IP beta-function (β Ã x ) optics than originally designed to reduce the effect of multipole field errors to be comparable to the tolerances of the ILC final focus design. This optics is 
B. IP beam size monitor for ATF2
A nanometer scale beam size monitor (proposed in [7] ) was demonstrated at SLAC Final Focus Test Beam (FFTB) during the 1990s [8] , measuring a beam size of approximately 70 nm. This IP beam size monitor (IP-BSM) used at FFTB was modified and installed at the ATF2 IP. The IP-BSM uses a fringe pattern formed by two interfering laser beams. The laser fringe pitch is defined by the wavelength (λ) and crossing angle of the two laser 
where C expresses the contrast reduction of the laser fringe pattern. Reduction of the laser fringe contrast is caused by deteriorated laser spatial coherency, mismatch in the overlap of the two laser beams, etc. Since the modulation depth of the Compton signal is also reduced byC, this is referred to as the modulation reduction factor. From Eq. (1), the beam size is expressed as a function of the modulation depth:
We can measure the modulation depth of the Compton signal by measuring its strength for various relative beam positions with respect to the laser fringe. Then, we can evaluate the IP beam size from the measured modulation depth using Eq. (2). For ATF2, the laser wavelength used in the IP-BSM was changed from 1064 nm to 532 nm to reduce the laser fringe pitch, and three laser crossing modes (2-8°degree mode, 30°mode, 174°mode) were prepared to increase the range of possible beam size measurements [9] . The dynamic ranges of the IP-BSM at ATF2 are shown in Fig. 5 .
III. ATF2 BEAM SIZE TUNING STATUS IN JUNE 2012
A. Liner optics tuning knobs
There are five sextupole magnets (SF6, SF5, SD4, SF1, and SD0) in the ATF2 beam line, as in the ILC final focus beam line (see Fig. 2 ). The transverse positions of all the sextupole magnets are controlled using magnet movers. When a sextupole magnet is moved horizontally, a quadrupole field is generated. The strength of the generated quadrupole field is proportional to the horizontal offset and changes the horizontal and vertical beam waists (W x and W y ), IP horizontal dispersion η x , and its derivative η 0
x . The linear optics tuning knobs of P AX (W x knob), P AY (W y knob), P EX (η x knob), and P EPX (η 0 x knob) are calculated as orthogonal sets of horizontal offsets of the sextupole magnets, only individually changing W x , W y , η x , and η 0 x , respectively [10] . When a sextupole magnet is moved vertically, a skew quadrupole field is generated. The strength of the generated skew quadrupole field is proportional to the vertical offset and changes the vertical dispersion η y , the derivative η 0 y , and xy coupling components at the IP, especially hx 0 yi. The linear optics tuning knobs of P EY (η y knob), P EPY (η 0 y knob), and P 32 (hx 0 yi knob) are calculated as orthogonal sets of the vertical offsets of the sextupole magnets, only individually changing η y , η 0 y , and hx 0 yi, respectively. The IP vertical beam size is sensitive to the beam waist position offset (W y ), the IP vertical dispersion (η y ), and the amount of xy coupling at the IP (hx 0 yi) and are used for IP vertical beam size tuning during ATF2 beam operations. The IP vertical beam size can be expressed as
where P AY , P EY , and P 32 are amplitudes of the beam waist knob, the vertical dispersion knob, and the xy coupling (3) into Eq. (1), the modulation depth can be expanded as
The first line of Eq. (4) . The optimum setting of a linear knob corresponds to the peak of the fitted Gaussian function. A particle tracking simulation was written to evaluate ATF2 tuning performance using the linear knobs using the simulation software SAD [11] . Errors were introduced to reproduce the present performance of the ATF2 beam line. Multipole field errors from magnetic field measurements of all quadrupoles, sextupoles, and bending magnets in the ATF2 beam line were incorporated. Misalignment and field strength errors, accuracies of beam position monitor offset adjustments with respect to adjacent magnetic centers [beam based alignment (BBA)], and IP-BSM accuracies assumed in the simulation are listed in Table II . Since a wire scanner monitor is also used for measuring the beam size at the IP, the accuracy of this is also listed in the table. The simulation was performed using 100 random seeds. The procedure of the IP beam size tuning in the simulation is the same as the actual ATF2 tuning procedure. The strength of QF1 is adjusted to make η Ã x ≈ 0, and the IP horizontal beam waist is optimized using theW x knob. The initial vertical waist was adjusted by changing the strength of QD0, and the initial xy coupling (hx 0 yi) was adjusted by rolling QD0 and measuring the vertical beam size at the IP using the wire scanner. The linear knob tuning procedure using the IP-BSM is then carried out. This was iterated for the three different IP-BSM laser crossing modes. The simulation results of the vertical beam size changes throughout the beam tuning procedure for both the 1 × 1 optics and the 10 × 1 optics are shown in Fig. 7 . The final beam sizes after the linear knob tuning are listed in Table III . The vertical beam size at the IP is tuned below 50 nm for the 10 × 1 optics using only the linear knobs, but does not converge to this level with the 1 × 1 optics using the linear knobs alone.
B. Effect of skew sextupole field errors
The beam tuning simulation for the 10 × 1 optics shows the feasibility of achieving a vertical beam size at the IP of below 50 nm using linear knobs alone; however, the IP beam size could not be focused below 150 nm experimentally using only the linear knobs. Therefore, we installed a skew sextupole magnet (SK3 in Fig. 8 ) in order to increase the tolerances of skew sextupole field errors in January 2011 [12] . We tried to reduce the IP beam size further by using SK3 several times during beam operations in 2012. The results are shown in Fig. 9 . The magnet strength to maximize the IP-BSM modulation was around K 2S ¼ 0.5 m −2 . It was suggested that there were strong skew sextupole field errors present somewhere in the beam line.
IV. BEAM SIZE TUNING WITH SECOND ORDER OPTICS KNOBS A. Second order optics tuning knobs
The strengths of the sextupole magnets in the final focus beam line are set for cancelling chromatic and geometrical aberrations [6] . Other second order aberrations can also be generated, for example, if there are sextupole field errors present in any magnets. When there is a sextupole field 
LINEAR AND SECOND ORDER OPTICS CORRECTIONS
error (ΔK SN ), the IP horizontal and vertical positions are changed as a function of the particle positions at the sextupole magnet x, y and the momentum offset δ:
Furthermore, when the sextupole error sources are located at the large beta function region from where the betatron phase advances to the IP are almost ðn þ 1=2Þπ (n; integer), the horizontal and vertical positions at the error sources are strongly correlated to the horizontal and vertical angles at the IP, x 0 IP and y 0 IP :
where R 12 and R 34 are 1-2 and 3-4 components of the transfer matrix from the location of the field error to the IP. Therefore, the horizontal and vertical position change at the IP by the sextupole field errors can be expressed as
Δy IP ¼ P Y24 x IP y IP þ P Y46 y IP δ;
Furthermore, the square of the beam sizes can be expressed from Eqs. (9), (10):
where σ Ã x 0 , σ Ã y 0 are the beam divergences at the IP and σ δ is the energy spread. Change of the second order beam parameters at the IP can be expressed as
and so on. Therefore, we can express the relationships between the sextupole field error and the second order beam parameters at the IP as 
The horizontal and vertical beam size growths at the IP by the sextupole field errors can be expanded by inserting Eqs. 
In order to correct the second order optics errors, tuning knobs to correct second order aberrations were prepared. There are five normal sextupole magnets in the ATF2 final focus beam line (see Fig. 2 ). On the other hand, the number of parameters that affect the horizontal and vertical beam size growth at the IP is six (x 22 , x 44 , x 66 , x 26 , y 24 , and y 46 ), from Eqs. (18) and (19). Therefore, x 44 is ignored to make the ATF2 IP beam size tuning knobs because the effect of x 44 is expected to be insignificant. Tuning knobs to correct sextupole field error components (X 22 , X 26 , X 66 , Y 24 , and Y 46 ) are calculated as orthogonal sets of strength changes of 5 sextupole magnets changing only x 22 , x 26 , x 66 , y 24 , and y 46 , respectively. Horizontal and vertical beam size growth at the IP with second order field errors and optics knobs are expressed as
where X 44 is a linear combination of the second order knobs, 
Since we suspected strong skew sextupole field errors in the ATF2 beam line (see Fig. 9 ), we installed three more skew sextupole magnets in August 2012, making a total of four skew sextupole magnets (SK1-SK4) installed into the beam line. The arrangement of the skew sextupole magnets is shown in Fig. 8 
In order to minimize the IP beam size, the second order knobs should be set to
The change of the square of the beam size is proportional to the square of the strength of the knob, and can be expressed as
where A ij , B ij , and σ y;ij are not changed in the Y ij knob scan.
Therefore, the modulation can be expressed for each knob scan by inserting Eq. (26) into Eq. (1):
The IP-BSM measured modulation depth varies according to a Gaussian function versus the second order optics knob as in the case of the linear knobs. The optimum setting of a second order optics knob corresponds to the peak of the fitted Gaussian function. Because of cross terms, it is not possible to make all knobs completely orthogonal. However, the second order optics knobs can be optimized through iteration. The orthogonality of the IP beam size tuning knobs was tested by a particle tracking simulation using SAD. In the simulation, the linear optics parameters were evaluated using the particle position and angle distribution at the IP:
… Phys. Rev. ST Accel. Beams 17, 023501 (2014)
023501-7
where h i denotes an average over the tracked particle positions at the IP. The second order terms are also evaluated using the particle distributions at the IP. We define relevant beam parameters as
and so on. The simulated results for the 1 × 1 optics are shown in Fig. 10 . Vertical beam size growth contribution corresponding to each componentα contribution. This simulation demonstrates a satisfactory level of orthogonality for the first and second order knobs. Figure 11 shows the tolerances of the normal sextupole field errors for the 1 × 1 optics and 10 × 1 optics with and without the second order optics knob tuning (Y 24 and Y 46 knobs). The second order optics knobs were applied twice in the tolerance calculations. The results of the magnetic field measurements are also shown in Fig. 11 . The tolerances for the normal sextupole field errors are increased by using the second order knobs, and the measured sextupole field errors were within tolerance after the second order knob tuning both for the 1 × 1 optics and 10 × 1 optics. An example of the IP beam size tuning with the second order aberration knobs Y 24 and Y 46 is shown in Fig. 12 . Figure 13 shows the tolerances of the skew sextupole field errors for the 1 × 1 optics and 10 × 1 optics. The tolerances without second order knob correction, with correction by single skew sextupole and with correction by four skew sextupoles are shown in Fig. 13 . The second order optics knobs were applied twice in the tolerance calculations. Results of the magnetic field measurements are also shown in Fig. 13 . Tolerances of the skew sextupole field errors are increased by using the four skew sextupole magnets, especially for the final doublet (QF1 and QD0).
B. Beam size tuning with second order optics knobs
The beam tuning simulation including linear and second order knobs was carried out using SAD. The assumed error distributions in the simulation are shown in Table II . The simulation was performed using 100 random seeds. The initial beam tuning procedure in the simulation was assumed to be the same as the simulation with only the linear knobs ( Fig. 7 and Table III ). In the simulation, second order tuning was carried out using IP-BSM 30°and 174°modes after application of the linear knob tuning procedure. Beam size changes throughout the tuning for the 1 × 1 optics are shown in Fig. 14 . The final beam sizes achieved for the 1 × 1 and 10 × 1 optics are shown in Table IV . Both the rms and core IP vertical beam size can be tuned below 40 nm for the 10 × 1 optics by including the use of the second order optics knobs. Furthermore, the core IP vertical beam size for the 1 × 1 optics is expected to also be reduced below 40 nm in this case. The rms beam size for the 1 × 1 optics is larger than the core beam size because of the beam tail generated by the higher order multipole fields of QF1 (see Fig. 3 ), but the rms beam size is also expected to be less than 50 nm. Since the rms beam size is sensitive to the beam tail, the rms beam size is larger than the core beam size. On the other hands, the IP-BSM is most sensitive to the beam size around 50 nm for 174°mode [M ¼ 0.5 in Eq. (2)]. Therefore, when the beam size is less than 50 nm, the evaluated beam size by IP-BSM is in between the core beam size and the rms beam size.
C. Experimental results from beam size tuning
First observations of IP-BSM modulation in 174°mode were made in December 2012 with the 10 × 1 optics [13] . Since the dynamic range of IP-BSM 174°mode is less than 90 nm, the corresponding IP beam size was necessarily focused to less than 90 nm. The second order optics knobs were implemented during December 2012 operations. IP beam size optimization using the second order optics knobs Y 22 , Y 26 , and Y 44 are shown in Fig. 15 . Since the IP beam size contribution from the Y 66 knob is not expected to be significant and the dynamic range is small, only Y 22 , Y 26 , and Y 44 knobs were scanned. Figure 16 shows the required strengths of the skew sextupole corrector magnets to correct for the case where each quadrupole magnet has a skew sextupole field K 2S ¼ 1 m −2 (with the 10 × 1 optics). The source of skew sextupole field error can be investigated by analyzing the settings of the skew sextupole correctors, SK1-SK4, after beam size tuning. Since the strengths of the skew sextupole magnets after the beam size tuning were much larger than that expected from magnetic measurements, we searched for an error source by analyzing the strength of the skew sextupole magnets during the December 2012 operation period. Since one of the candidates for the field error source was the strongest sextupole magnet (SD4), the impedances of all coils of the magnet were measured. It was, then, found that 1 coil of the magnet was shorted. Therefore, the shorted sextupole magnet was swapped with the weakest sextupole magnet (SF5). After the magnet swapping, the IP beam size was improved, and IP-BSM modulation in 174°mode has been observed without skew sextupole corrections. approximately zero. This indicates that the skew sextupole field error in the ATF2 final focus beam line was reduced after the magnet swapping.
The maximum modulation depth, using IP-BSM 30°m ode, was measured in March 2013, and was maintained throughout two consecutive weeks of operation. The maximum IP-BSM modulation depths with 174°mode were almost 30% [13] . The evaluated vertical beam size at the IP, assuming C ¼ 1 in Eq. (2) is about 65 nm and represents an upper limit of the focused beam size.
V. SUMMARY
The final focus scheme of ILC is being tested using the ATF2 beam line. To achieve nm-scale beam sizes, we are using tuning knobs that change both the linear and second order optics. The linear optics tuning knobs use orthogonal sets of horizontal and vertical position changes of sextupole magnets. The second order optics knobs use almost orthogonal sets of strength changes of sextupole magnets and skew sextupole magnets, which were installed to correct skew sextupole field errors. By using these optics tuning knobs, the tolerances of skew sextupole field errors were increased and a vertical beam size at the IP of below 50 nm, even for the original ATF2 optics (1 × 1 optics), is expected with field errors given by the magnetic field measurements. Furthermore, the skew sextupole settings allowed us to locate a source of skew sextupole field errors. We succeeded to observe modulations with IP-BSM 174°mode in December 2012 with the present ATF2 optics (10 × 1 optics) by using second order optics corrections with the skew sextupole magnets. After we removed the field error source, the skew sextupole field error in the ATF2 beam line became insignificant and the IP vertical beam size could be focused to less than 65 nm.
